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Ca2+ plays a pivotal role in the regulation of hair cell func- 
tion. From ,mechanoelectrical transduction at the cell’s 
apex to the release of neurotransmitter at its base, Ca*+ 
acts continuously to either effect or affect diverse cellular 
processes. The ability of Ca’+ to perform its various local 
tasks rests simply on the steep gradients in the activity 
of Ca*+ that are encountered in the vicinity of open Ca*+ 
channels (Simon and Llinas, 1985). The sphere of influ- 
ence of Ca2+ is thus reduced to microdomains, outside of 
which the ion’s activity is probably too low to effect a 
change in cellular events (Roberts et al., 1990; Llinas et 
al., 1992; lssa and Hudspeth, 1994). The ion’s reach is 
further restricted by cytoplasmic buffers as well as by ex- 
trusion mechanisms. Thus, the spatial segregation of the 
Ca*+ permeation pathways and of the targets of Ca2+ action 
enables the hair cell to employ the same messenger to 
convey different messages. 
Although the involvement of Ca*+ in these processes is 
unquestioned, our current understanding of the mecha- 
nisms by which this influence is exerted remains far from 
complete. Here, I discuss the role of Ca2+ in several hair 
cell processes, with particular attention to the light shed 
on this question by recent work of Denk et al. (1995) and 
by Tucker and Fettiplace (1995) appearing in this issue 
(for references and an alternative treatment of these is- 
sues, see Lenzi and Roberts, 1994). 
Mechanoelectrical Transduction 
The hair bundle, the hair cell’s mechanosensitive organ- 
elle, consists of 30-300 specialized processes named 
stereocilia, arranged in ranks of increasing height (Fig- 
ure 1). The rigid stereociliary cytoskeleton is formed by 
several hu?dred actin filaments, which are cross-linked 
by fimbrin. Immediately above the stereociliary insertion 
into the hair cell, this cytoskeleton narrows to just a few 
dozen filaments. Deflection of the hair bundle in the posi- 
tive direction (toward its tall end) causes the rigid ster- 
eocilia to pivot around their slim bases, resulting in shear 
between their tips. This shear causes the cation-selective 
transduction channels to open, initiating a chain of events 
that culminates in the release of transmitter at the base 
of the cell. 
The most successful model for mechanoelectrical trans- 
duction proposes that transduction channels are directly 
opened by elastic elements, the gating springs, located 
near the tips of stereocilia. This location has been pro- 
posed on the basis of extracellular recordings that place 
the site of transduction current into the hair cell at the 
bundle’s top and, more recently, by spatially mapping the 
local sensitivity of transduction channels to blocking by 
aminoglycosides (Denk et al., 1995, and references 
therein). 
Contradictory results were reported in a study con- 
ducted on chicken hair cells, in which an attempt was 
made to localize the transduction channels on the basis 
of their permeability to Caz+. Following a hair bundle de- 
flection in the positive direction, the intracellular C3+ con- 
centration increases in the cuticular plate, where ster- 
eocilia are planted, suggesting a basal location of the 
transduction channels. Because all models of mecha- 
noelectrical transduction depend critically on the hypothe- 
sized location of the channels, this is a question that war- 
rants further study. In this issue of Neuron, Denk et al. 
present conclusive evidence that directly contradicts 
these latter results and clearly localizes the transduction 
channels to the tips of stereocilia. In this study, the authors 
employ the Ca2+-sensitive dye Calcium Green, in combina- 
tion with two-photon laser scanning microscopy, to deter- 
mine the site of Ca*+ entry during transduction, and hence 
the location of the transduction channels. In acomplemen- 
tary series of experiments, Lumpkin and Hudspeth have 
followed a similar approach, employing conventional con- 
focal microscopy and the Ca2+-sensitive dye Fluo 3 to ad- 
dress the same question (Lumpkin and Hudspeth, 1995). 
These experiments were performed with dissociated hair 
cells that were mechanically stimulated with small glass 
probes attached to the hair bundle. Their equally conclu- 
sive results leave no doubt about the site at which trans- 
duction channels are located, placing them firmly near the 
tips of stereocilia. 
A tip location is further strengthened by the parallels 
between the tip links, the fine filaments that bridge the 
tips of adjacent stereocilia, and the gating springs (Figure 
1 A) (Pickles et al., 1984). Two sets of observations support 
the notion that gating springs and tip links are one and 
the same. First, tip links are the only structural elements 
in the hair bundle whose orientation allows for a simple 
explanation of the directional mechanosensitivity of hair 
cells. Second, Ca*+ plays an important role in the transduc- 
tion apparatus; in the absence of external Ca2+, transduc- 
tion promptly and irreversibly disappears. Mechanical 
experiments indicate that the gating springs become dis- 
connected in the absence of Ca2+, a treatment that also 
causes the tip links to vanish (Assad et al., 1991; Crawford 
et al., 1991). 
If tip links act as the gating springs, then one would like 
to know whether the transduction channels are either at 
one or at both extremes of the tip link. This question can 
be approached statistically, by counting the number of 
channels per stereocilum. Because most stereocilia are 
contacted by two tip links (Figure l), an estimate of 1 chan- 
nel per stereocilium would imply that the transduction 
channels are located only at one end of the tip link. Uncer- 
tainties derived from counting techniques, compounded 
by the variability in the number of stereocilia as well as 
by the loss of transduction channels that takes place in 
most preparations, have precluded the resolution of this 
question. In their recent experiments, Lumpkin and Huds- 
peth (1995) determined the site of Ca2+ entering through 
some of the transduction channels to be slightly below the 
stereociliary tip. Because this is the location at which the 
tip link contacts the tallest of two stereocilia bridged by a 
tip link, this result suggests that at least some transduction 
channels are located on the “high” end of the tip link. Denk 
et al. go further, by demonstrating that during transduction 
Ca2+ enters many of the shortest as well as the tallest 
stereocilia. The clear implication is that transduction chan- 
nels can be, and probably always are, located on both 
ends of the tip link. 
Although this possibility had not escaped the attention 
of workers in this field, its implications have not been fully 
worked out. For example, the relationship between hair 
bundle displacement and transduction current departs 
slightly from the single Boltzmann function that would be 
expected if transduction were due to a population of identi- 
cal channels capable of adopting one of two states (open 
and closed). This discrepancy can be explained by a sec- 
ond closed channel state from which the channel cannot 
directly open. Such a scheme to explain the experimental 
data might not be necessary if the resting tension experi- 
enced by the channels’gates or the mechanical sensitivity 
of the channels were different at each end of the tip link. 
However, a three-state gating model is still required to 
explain the asymmetry of the displacement versus stiff- 
ness relationship of the hair bundle (Howard and Huds- 
peth, 1988). 
Denk et al. also go on to refit Howard’s data, assuming 
that channels are located at both ends of the gating springs 
and that they follow a two-state kinetic scheme (open ver- 
sus closed). The model is further modified to account for 
the fact that adaptation of the transduction current is in- 
complete; i.e., a small bias in the opening probability of 
the transduction channels persists during a maintained 
stimulus. As a result, the estimate of the swing of the trans- 
Figure 1. The Hair Cell of the Vestibular and Auditory System and the 
Sites at Which Ca*+ Exerts Its Most Prominent Actions 
(A) The transduction apparatus. For simplicity, only two channels are 
drawn. 
(B) The afferent synapse. 
(C) The efferent inhibitory synapse. 
duction channel’s gate drops from 4 to 2 nm, a value still 
consistent with the molecular dimensions of ion channels. 
A model of transduction with channels at both ends of 
the gating spring implies negative cooperativity between 
channel pairs: as the gate of one channel opens, tension 
in the spring declines slightly, lowering the probability of 
opening the channel at the other end. The physiological 
significance of this negative interaction is probably mini- 
mal. Nevertheless, its experimental demonstration could 
contribute to furthering the model. 
Adaptation 
The permeability of the transduction channel to Ca2+ is 
not just a convenient property for locating the transduction 
channels. Ca*+ coming into the hair bundle via the trans- 
duction channels plays a crucial role in determining the 
resting tension in the gating springs, through the process 
of adaptation. By readjusting the tension in the gating 
springs, adaptation enables the hair cell to maintain its 
sensitivity in the presence of a maintained deflection. 
Most data favor an active model for adaptation (Assad 
and Corey, 1992). This model involves a myosin motor 
coupled to the transduction channel on the high side of 
the tip link (Figure 2) (for references and a more detailed 
description, see Gillespie, 1995; for an alternative model 
for adaptation, see Crawford et al., 1989). This motor is 
thought to climb along the actin cytoskeleton to increase 
tension in the tip links, thereby reducing the slack caused 
by adeflection in the negative direction. Following adeflec- 
tion in the positive direction, Ca2+ coming in through the 
transduction channel binds to the myosins’regulatory light 
chains, causing the motor to slip. Preliminary evidence 
points to myosin 18 as the motor myosin and to calmodulin 
as its Cap+-sensitive regulator. Thus, by adjusting tension 
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Figure 2. A Hypothetical Model for Adaptation in Hair Cells 
A complex motor comprising tens of myosins hydrolyzes ATP to drag 
the mechanoelectrical transduction channel on the tall stereocilium 
along the actin cytoskeleton, increasing the tension in the tip link. As 
the tension in the tip link increases, the channels tend to open. Ca*+ 
entering through the channel on the high end of the tip link binds to 
calmodulin, which promotes the dissociation of myosin, allowing the 
motor to slip. As the channels close, and as Ca*+ is cleared, climbing 
of the motor resumes. 
in the gating springs, adaptation works to maintain the 
hair cells’ mechanical sensitivity, even in the presence of 
saturating hair bundle deflections. 
If channels are located on both ends of the tip links, it 
is not clear what function, if any, would be performed by 
a motor attached at the low end of the tip link. It seems 
inescapable that, for a motor to regulate tension as ob- 
served during adaptation, it would have to be attached 
at the high end of the tip link. Therefore, for adaptation, 
channels located at low ends of tip links depend on the 
motor connected to their upper-side counterparts, 
Afferent Transmission and Frequency Tuning 
At the opposite pole of the hair cell, the businesses of 
synaptic transmission and frequency tuning take place. 
Hair cell synapses respond to graded receptor potentials 
and are thus capable of encoding continuously varying 
signals. Like tonic synapses in the retina, hair cell syn- 
apses are characterized by the presence of electron- 
dense presynaptic structures of undetermined composi- 
tion and function (Figure 16). In bullfrog saccular hair cells, 
there are 20 or so of these active zones, each with a dense 
body surrounded by numerous clear transmitter vesicles. 
Each active zone is endowed with - 80 noninactivating, 
voltage-dependent Ca2+ channels as well as with 40 Ca*+- 
activated K+ channels (IKCa) (Roberts et al., 1990). Ca2+ 
entering through the Ca*+ channels performs two tasks: it 
triggers exocytosis of transmitter vesicles, and it promotes 
the opening of K+ channels. Reciprocal interactions be- 
tween these two conductances account for the hair cell’s 
electrical tuning, which enhances the responsiveness of 
the cell to particularly relevant stimulus frequencies. In 
some species like the turtle, this mechanism provides the 
most significant means of tuning in the auditory system. 
In turtle cochlear hair cells, the IKCa channels appear to 
be preferentially located toward the basal half of the cell, 
although they can also be found at the apical half (Art et 
al., 1995). Whether or not the channels are concentrated 
at discrete spots has not been determined, but it appears 
that the rules governing the specific localization of IKCa 
channels are dependent on the specific needs of the cell 
in question. 
The highly discrete distribution of Ca2+ channels contri- 
butes to the establishment of the microdomains of ele- 
vated CaZ+ activity that have been proposed to exist in 
hair cells, These microdomains or “hot spots” have been 
described in isolated hair cells and found to coincide with 
the cell’s synaptic sites (lssa and Hudspeth, 1994). Tucker 
and Fettiplace (1995) demonstrate their presence in turtle 
hair cells using the Ca*+-sensitive dye Calcium Green 5N. 
Furthermore, the authors provide new and important infor- 
mation regarding the hair cell’s mechanisms responsible 
for the decrease in Ca*+ activity following Ca’+ entry. Phar- 
macological experiments using inhibitors of the ATPase 
cycle and of the endoplasmic reticulum CaATPase sug- 
gest an ATP-dependent pump as the main agent in charge 
of restoring the status quo. These experiments were per- 
formed with the whole-cell recording technique, in which 
the cytoplasmic contents diffuse into the recording pipette. 
However, under these circumstances the cell may retain 
buffers that are permanently bound to the cytoskeleton 
and that may capture Ca*+ after it enters, hold it in &an 
inactive form for a certain period of time, and finally deliver 
it to the transport mechanisms responsible for extrusion 
(e.g., the above-mentioned CaATPase). Such buffers, al- 
though not responsible for extrusion, contribute to shape 
the response of the cell to Cap’. 
It appears that mobile buffers, normally lost during the 
recording process, also contribute to shape this response. 
Such a mobile Ca*+ buffer for hair cells has been proposed 
on the basis of experiments on the IKCa current (Roberts. 
1993). These experiments were performed with the use 
of the perforated-patch technique, which allows the cell 
to retain its contents. This buffer’s efficacy IS comparable 
to that of a 1 mM solution of the Cap+ chelator BAPTA. 
The remarkable performance of hair cell synapses can be 
gauged from the faithfulness with which auditory informa- 
tion is transmitted to the central nervous system. A mea- 
sure of this faithfulness is observed in phase locking. the 
tendency of auditory fibers to fire at a particular time during 
a cycle of stimulation. Phase locking, which in some spe- 
cies extends to frequencies above 10,000 Hz, implies the 
rapid activation and resetting of hair cell synapses. CaZ’ 
buffers (both mobile and fixed) and pumps are of little 
consequence as far as the onset of synaptic transmission 
is concerned. This is because the site of action of Ca2’ 
on the exocytotic machinery is so close to the site of entry 
that there is only a very small chance of the ion being 
captured before reaching its target. However, these Ca’+ 
control mechanisms might play a central role in promptly 
lowering Ca*+ following a cycle of stimulation. Such a role 
might be required for the reliable transmission of high fre- 
quency auditory information to the brain. 
Efferent Inhibition 
Hair cells receive inhibitory cholinergrc Innervation These 
synapses are characterized by the presence of a narrow 
submembrane cisterna in the hair cell Our understanding 
of the mechanisms that mediate the inhibitory response 
has advanced considerably (Fuchs and Murrow, 1992) 
The ionotropic acetylcholine receptor admits Ca’- into the 
hair cell, resulting in the activation of an IKCa drstinct from 
the one present at synaptic sites. It has also been shown 
that, if the cell’s interior is perfused with pertussis toxin 
or GDPBS, the inhibitory response disappears. Thus, It 
seems that this system is also subject to second messen- 
ger modulation (Kakehata et al., 1993) 
The physiological consequences of this response dc-- 
pend, again, on the organ and species of ongin For in 
stance, in the turtle cochlea, efferent inhibition results in 
a decrease in the quality of electrical tuning. whereas 
in mammalian outer hair cells, it can result in a decrease 
in the voltage-dependent cell length changes that result 
from a periodic stimulus. The consequences of both pro- 
cesses are profoundly different. Further study is required 
to gain a deeper understanding of the purposes served 
by efferent innervation in different systems and species. 
A question that needs to be addressed is the function of 
the cisternae in shaping the inhibitory response One pos- 
sibility is that cisternae release Ca2+, thereby amplifying 
the cell’s response. On the other hand, they could also 
provide the means for rapid reuptake of CaT following 
entry. 
The different processes that are described above ale 
delicately controlled in the hair cell. They act in concert 
to ensure the reliable transfer of acoustic and vestibular 
information to the central nervous system. In the broadest 
sense, Ca2+ plays a central regulatory role in all these 
processes. Its repertoire is widened by the local nature of 
its influence. 
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